Abstract-Spin pumping in a ferromagnetic (FM) and nonmagnetic (NM) metallic bilayer generates an electric voltage whose origins have been attributed to the inverse spin Hall effect (ISHE) in the NM layer. We show that the electric voltage or current from the spin pumping is not limited to the ISHE of the NM layer; instead, there are two other previously unidentified contributions: one from the interface and the other from the FM layer. By using our newly developed spin pumping formalism, we compute the relative contributions of these three sources of the induced electric voltages. When we apply our results to a NiFe/Pt bilayer, we find the contribution from the strong spin-orbit coupled interface, known as the inverse Edelstein effect (IEE), can be as large as or even larger than that from the NM layer. Our finding indicates that the experimental estimation of the spin Hall angle and spin diffusion length of Pt should include both IEE and ISHE.
I. INTRODUCTION
Spin pumping has been studied by many groups both theoretically and experimentally since its discovery more than one decade ago [Urban 2001] . Two most important consequences of spin pumping are enhanced Gilbert damping [Urban 2001 , Tserkovnyak 2002 and induced electric voltage [Azevedo 2005 ]: the enhanced Gilbert damping is directly proportional to the total spin current leaving the precessing ferromagnetic (FM) layer, while the induced electric voltage was assumed to be from the inverse spin Hall effect (ISHE) of the average pumping spin current in the nonmagnetic (NM) layer [Saitoh 2006 , Hoffmann 2013 . More quantitatively, spin current from a precessing ferromagnet has been described by the theory of Tserkovnyak [2002] in which the interface spin-dependent reflection coefficient or the mixing conductance determines the spin current, while the interface spin-orbit coupling (SOC) is completely discarded.
Experimentally, a large number of groups have reported the enhanced damping and the induced electric voltage [Mosendz 2010 , Nakayama 2012 , Feng 2012 . Although the results agreed qualitatively with the theory, there are significant discrepancies. For example, the spin diffusion length and spin Hall angles, determined by fitting experimental data on the thickness dependence of linewidth of ferromagnetic resonance [Boone 2013] and of the induced electric voltage [Nakayama 2012 , Feng 2012 , Zhang 2013 , differ by an order of magnitude for different experimental groups even though the samples are similarly grown. It has been pointed out that spin currents can be depolarized at multilayer interfaces, which largely affect the ability to extract spin diffusion length and spin Hall angles from spin pumping experiments and leads to the above controversy [Rojas-Sánchez 2014] . In Rojas-Sánchez [2014] , the authors considered the effects of spin memory loss on enhanced damping, while the possible contribution from the interface to electric voltage is neglected. In other experiments, electrical voltage has been identified for systems, where only the interface, not the bulk spin current, contributes to the electric signal [RojasSánchez 2013] . These results clearly indicate that one must include the effect of the interface SOC on the spin pumping induced electric voltage.
Recently, we have developed a spin pumping theory by using a time-dependent linear response approach [Chen 2015] . The theory overcomes the limitation of the previous spin pumping theory based on the scattering formalism. In particular, we are able to explicitly include both SOC at the interface and spin current backflow from the NM to FM layers. We have found that in the presence of the interface Rashba spin-orbit coupling (RSOC), a significant spin current is in fact absorbed by the interface which leads to a spin-memory loss-a spin transport phenomenon which had long been identified in magnetic multilayers, but without explanation [Kurt 2002 , Rojas-Sánchez 2014 . By considering both spin absorption at the interface and within the bulk, our new approach is able to resolve most of the controversies mentioned above. In this paper, we apply our theory to quantitatively determine the spin pumping induced electric voltage. In particular, we discuss the relative contribution to the electric signals from the interface and bulk. This paper is organized as follows. In Section II, we briefly review the spin pumping theory and derive the analytical expressions for the electric voltages. In Section III, we show the numerical calculation of the electric voltage. We discuss and summarize our results in Section IV.
II. SPIN CURRENTS AND INDUCED ELECTRIC VOLTAGES

A. Position Dependence of the Spin Current Across the FM/NM Bilayer
We have recently derived that the spin pumping induced current tensor j α β , where α is the direction of spin polarization direction and β is the flow direction, can be written as where z is the coordinate perpendicular to the interface and (z) is the position-dependent spin pumping conductivity. In the absence of SOC, (z) at the interface is equivalent to the mixing conductance derived earlier by the scattering theory [Chen 2015] . In the presence of RSOC,
(where α R is the Rashba coefficient), (z) takes the following forms:
F represents the interface RSOC strength relative to the Fermi energy, ≡
characterizes the "backflow" spin current in which λ sd is the spin diffusion length and l m f is the mean free path, and the function N (z) = sinh (t N − z)/λ sd / sinh(t N /λ sd ) with t N the thickness of the NM layer. In (2), 0 is the spin pumping conductivity at the interface without the SOC and backflow, i.e., 0 is same as the mixing conductance. The factor (1 − ) refers to the backflow due to the spin accumulation built up in the NM layer. (1 − δ) addresses the spin memory loss at the interface resulting from the RSOC. N (z) describes the exponential decay away from the interface due to spin diffusion in the NM layer. The spin pumping conductivity in the FM layer (z < 0) is
where the expression of the function F(z) is cumbersome and it is an oscillatorily decay function with the length scale of the order of the spin coherence length λ c = π (k (2) and (3), the spin pumping conductivity jump at the interface,
, can be obtained:
Note that if there is no interface SOC (δ = 0), vanishes and both (0 − ) and (0 + ) reduce to the conventional effective mixing conductance. In Fig. 1 , we schematically show the position-dependence of the spin pumping conductivity across the bilayer with the characteristic length scales labeled.
B. Spin Pumping Induced Electric Voltages
As both spin currents absorbed by the interface RSOC and by the spin diffusion in the NM layer would enhance the damping of the FM precession [Mahfouzi 2012], they also contribute to the electric voltage. We consider the case where the ferromagnet is precessing in plane. In the NM layer, the injected spin current converts to a charge voltage via ISHE which may be parameterized by the spin Hall angle θ N S H :
where we have averaged over a precession period so that the above signal is a dc voltage; in the above equation, φ is the FM precession angle, L is the length of the bilayer, f is the precession frequency, σ N (F) is the conductivity of the NM (FM) layers, t F is the thickness of the FM layer, and is the effective spin pumping conductivity defined in (2). The induced charge voltage from the FM layer is
where
can be related to the transverse coherence length, l F ≈ 2λ c . Since the coherence length in FM layer is usually much smaller than the NM spin diffusion length [Stiles 2002 ], the voltage signal contributed from the FM layer is one to two orders of magnitude smaller compared to that from the NM layer.
The electric voltage contributed from the interface is modeled by the inverse Edelstein effect [Rojas-Sánchez 2013 , Shen 2014 ]. The spin current absorbed by the interface would convert into a spin accumulation of the interface layer which in turn creates a nonequilibrium charge current; this is the inverse process of the electric current induced spin accumulation in a 2D Rashba electron gas [Manchon 2008] . A simple relation between the charge current and spin current loss can be established within the constant relaxation time τ approximation
This is known as the inverse Edelstein effect and one may define an inverse Edelstein length λ IEE ≡ α R τ/ [Rojas-Sánchez 2013, Shen 2014] . The physical meaning is that the spin relaxation in the Rashba interface equals the rate of the spin current pumping at the steady state condition. By using the resistance-in-parallel model, one immediately finds the contribution of the electric voltage from the interface
When the layer thickness is comparable to the mean free path, we use the thickness-dependent conductivities (see below).
III. RESULTS AND DISCUSSIONS
Our central result is that the induced electric voltage comes from all three regions-the FM layer, the NM layer, and the interface. The total electric voltage is thus the summation of (5), (6), and (8):
While V F is generally smaller than the other two, it could be important when the other two are absent. For example, for NiFe/YIG bilayer where YIG is an insulator and thus V N = 0. Also, one expects that the RSOC is much smaller than that of NiFe/Pt interface and therefore V Int is small. Indeed, Hyde [2014] had observed that the induced electric voltage in NiFe/YiG comes from the NiFe layer. In the following, we only consider metallic bilayers such as NiFe/Pt and will discard V F in our numerical calculations. We want to point out that the electric voltages observed from single FM layer FM resonance may be attributed to nonuniform magnetization precession [Tsukahara 2014] , which is different from the voltage expressed in (6). To apply (5) and (8) to experimental systems, one needs to have a reasonable estimate on all parameters. We choose these parameters either from the experimental data or from "consensus" theoretical assumptions. In Fig. 2 , we show the bulk and interface contributions to the electric voltage as well as their sum. The parameters are indicated in the figure caption. A particular choice of a large RSOC of δ = 90% was in accordance with the experimental result that a spin memory loss of NiFe/Pt interface is about 90% as far as the spin transport is concerned [Kurt 2002 ]. The backflow parameter is taken as 50%. The conductivity of the bilayer entering the denominator of (5) and (8) is modeled by the limiting value of Fuchs-Sondheimer theory in which the thickness dependence of the Pt conductivity is approximated by
where l is the mean free path in bulk and h is the interface roughness; we have chosen these parameters from Althammer [2013] , h = 0.8 nm, l = 4.1 nm, ρ ∞ = 3.28 × 10 7 · m. Clearly, with the choice of the parameters given in Fig. 2 , the interface contribution to the electric voltage is generally larger than that of the bulk.
The NM layer thickness dependence of the interface and bulk contribution to the electric voltage are both plotted in Fig. 2 . The bulk contribution shows a nonmonotonic thickness dependence. When t N is smaller than the spin diffusion length, the total spin current relaxed into the NM layer increases with the NM layer thickness and it reaches saturation beyond the spin diffusion length. Further increase of the thickness would increase the conductance of the bilayer and thus would reduce the electric voltage. We want to point out that the experimentally observed electric voltage in NiFe/Pt bilayers did find a nonmonotonic characteristics similar to the bulk contribution of Fig. 2 , except the peak occurs at a much smaller thickness, of the order of 1 nm [Castel 2012] . We believe that a few interface monolayers are needed to have a well-defined interface Rashba interaction, and thus, the observed peak at 1 nm does not indicate the spindiffusion length of 1 nm, rather it supports the importance of the interface SOC.
Prior to our work, the spin pumping induced electric voltage is exclusively analyzed via the ISHE. We believe that the omission of the interface contribution to the electric voltage is the origin of a few erroneous conclusions. First, the experimental fit to the enhanced damping parameters and the induced electric voltage often contradicted each other in terms of the spin diffusion length. Some results are unphysical since the spin diffusion length derived from fitting to experiment data is much smaller than the mean free path. Due to the coexistence of the interface and bulk contribution, the single exponential fit on the thickness dependence of the NM layer used in the early fitting procedure is doomed to fail. Second, the backflow parameter is not consistent with the reasonable choice of parameters. Often, an extra-large valid of the backflow is needed for better fitting [Nakayama 2012 ; this is incompatible with the notion that Pt is a good spin sink and is small. Third, recent experiments have in fact showed that the electric voltage can be induced by spin pumping without an NM layer as a spin sink [Rojas-Sánchez 2013 , Hyde 2014 .
In Fig. 3 , we compare our calculated results with the experimental data from Nakayama [2012] by using our equation (9). In our calculation, we considered the elliptical magnetization dynamics to compare with experiment. Since in real experiments, the precession orbit is no more a circle due to the contribution to the effective field from the ferromagnet magnetization [Ando 2008 ]. We use the experimental values of the thickness dependent conductivity, σ N (F) = 4.1(3.5)
in order to reduce the uncertainty of the model parameters. Interestingly, the dependence of the electric voltage on the FM layer thickness shows nonmonotonic behavior; this is due to 1) the precession angle generated by a fixed power microwave source is inversely proportional to the thickness of the FM layer, and 2) the conductance of the bilayer increases with the thickness of the FM layer. With the best fit, we have used the microwave frequency magnetic field μ 0 h r f = 1.7 × 10 −4 T, which is directly related to the precession angle, where μ 0 is the vacuum permeability. The spin diffusion length is found to be λ sd = 11.8 nm; this is the longest value reported recently. The inverse Edelstein length for NiFe/Pt interface is 0.055 nm, which is smaller than the recent result for NiFe/Ag/Bi multilayers [RojasSánchez 2013, Shen 2014]. Nakayama [2012] . In our calculation, we used the values L = 1.6 mm, f = 9.44 GHz, μ 0 M s = 0.72 T, which are from Nakayama [2012] . We use δ = 0.9 as the interface spin memory loss. With the best fit, we find θ N SH = 0.035, λ sd = 11.8 nm, μ 0 h rf = 1.7× 10 -4 T, 0 = 3.02 × 10 19 m -2 , λ IEE = 0.055 nm.
(a) Dependence on the NM layer thickness for a fixed t F = 10 nm. (b) Dependence on the FM layer layer for a fixed t N = 10 nm.
IV. CONCLUSION
We have studied the electric voltage induced by spin pumping in an FM/NM bilayer by applying our spin pumping formalism. The interface RSOC plays a crucial role in generating the electric voltage. For strong spin-orbit coupled multilayer systems such as NiFe/Pt and NiFe/Ag/Bi, the interface contribution dominates. With both interface and bulk contributions included in fitting experimental data, we are able to remove some of the inconsistent results obtained by fitting to the theory without the RSOC. We point out that the relative importance of the interface versus bulk is controlled by the interface RSOC relative to the Fermi energy. This study calls for a microscopic and first principles calculation to quantitatively determine this parameter.
